Culicoides variipennis (Diptera: Ceratopogonidae) the primary vector of bluetongue virus (BTV) in the U.S.A. were asynchronously mixedly infected with two BTV serotypes (BTV-10 and BTV-17); flies first ingested a blood meal that contained BTV-17 and 1, 3, 5, 7, and 9 days later selected flies ingested a second blood meal that contained BTV-10. Control flies ingested each parental virus separately, or both viruses simultaneously, in a single blood meal. Electrophoretic analysis of progeny virus clones indicated that superinfection with BTV-10 occurred when the flies ingested the second virus 1, 3 and 5 days post-initial infection. Parental BTV-17 and reassortant virus clones were isolated from these flies, but parental BTV-10 virus was not isolated from any flies. Reassortant clone frequencies were 67~, 71% and 17% when superinfection occurred on days 1, 3 and 5 after initial infection, respectively, as compared to 48 ~ for simultaneously infected flies. Only parental BTV-17 clones were isolated from flies that ingested the second virus on days 7 and 9 after initial BTV-17 infection. The results indicated that interference to superinfection occurred in C. variipennis by 5 days and flies were refractory to superinfection by 7 days post-initial infection.
variipennis and the fly remains infected for life (Jones et al., 1981) . An individual fly could become mixedly infected with several different BTV strains by sequential feeding on hosts viraemic with different viruses, or by feeding on a single, mixedly infected vertebrate host. The feasibility of either mode of acquiring a mixed infection is supported by the presence of multiple BTV serotypes or strains in individual infected sheep and cattle (Osburn et al., 1981 ; Stott et al., 1982; Oberst et al., 1985) and by the presence of more than one serotype in a single infected herd, or in the same geographic locale (Squire et al., 1983) . We previously demonstrated high frequency reassortment in C. variipennis flies simultaneously infected with BTV-10 and BTV-17 (Samal et al., 1987b) . In the present report, we demonstrate reassortment in flies that were superinfected with BTV-10 up to 5 days after initial infection with BTV-17. The epidemiological and evolutionary significance of these results are discussed.
METHODS
Cells and viruses. African Green monkey kidney cells (Veto ATCC no. CCL-81) were, unless otherwise stated, used throughout this study. Cells were maintained as monolayers in Medium 199 (1 x 199) containing 5% foetal bovine serum (FBS) and after infection, cells were maintained in 1 x 199 containing 2~ FBS (Ramig, 1982) .
Wild-type BTV-10 (strain BT-8) and BTV-17 (strain 262) were obtained from the Arthropod-Borne Animal Disease Research Laboratory in infected sheep blood and each strain was adapted to growth in Vero cells. After two passages in Vero cells, the viruses were plaque-purified three times and passaged three times in Vero cells, then passaged once in BHK-21 cells and the resultant viruses were used to prepare high-titred blood meals for infecting flies. Pre-and post-feed samples of blood meals were titrated in BHK-21 cells in 96-well microtitre plates (Pantwantana et al., 1972) .
Pre-feed and post-feed average virus titres in blood meals were as follows; BTV-10 6.8 and 6.1 lOglo TCIDs0/ml, BTV-17 7.4 and 7-6 log10 TCIDso/ml and BTV-10 and BTV-17 mixed blood meals 7.2 and 7-3 log10 TCIDs0/ml.
Culicoides variipennis. The flies were obtained from the AK colony (Brnneau strain) which originated from field material collected in Idaho, U.S.A. in 1973 (Jones & Foster, 1978) . Procedures for infecting and maintaining flies were described previously (Samal et aL, 1987b) . For controls, flies were infected by feeding on a blood meal containing BTV-10, BTV-17, or a mixture of BTV-10 and BTV-17. For asynchronous mixed infection, flies ingested a blood meal containing BTV-17; 1, 3, 5, 7 and 9 days later groups of these flies ingested a second blood meal containing BTV-10. Flies from each of these groups were harvested after a number of days of extrinsic incubation (Table 1 ) and stored at -70 °C. Infectious BTV in flies was quantified by plaque assay in Vero cells as described previously (Samal et al., 1987b) .
Isolation and characterization ofprogeny virus clones. Methods for titration of individual flies, virus isolation and propagation, viral dsRNA labelling and extraction and gel electrophoresis were detailed previously (Samal et al., 1987 b) . The only exception was that individual virus plaques were passaged twice in Vero cell monolayers in T-25 flasks before being labelled with [32p]orthophosphate.
RESULTS

Virus isolation from experimentally infected C. variipennis
Infectious virus was recovered from a total of 28 out of 42 (67 9/o) assayed flies. The amount of virus recovered from individual flies ranged from 6.6 x 101 to 2.8 x 105 p.f.u./fly ( Table 1) .
Electropherotypes of progeny virus isolated from C. variipennis
Isolated plaques were randomly picked from individual infected flies and used to prepare high-titre virus clones. The dsRNAs of these clones were labelled with 32p and subjected to electrophoresis in 69/oo polyacrylamide gels (Fig. 1) . The electropherotype of each clone was determined to be parental or reassortant by comparison of segment mobility with parental markers run in the same gel. Under the gel system conditions used, six segments (5,6,7,8,9 and 10) were easily identifiable in most gels, segments 2, 3 and 4 could be identified in some gels but segment 1 could not be genotyped to its parental origin. A total of 463 plaques were examined; four of these were determined to be mixed and were not included in the analysis.
The electropherotypes of 459 pure clones isolated from 28 individual flies are summarized in Table 1 . Control flies infected with BTV-17 or BTV-10 yielded the electropherotypes of their respective parental viruses and in two control flies simultaneously infected with BTV-10 and BTV-17, reassortant progeny clone frequencies averaged 48~. Control fly no. 106, which was simultaneously infected by feeding on a blood meal that contained both parental viruses, Table 1 . (100) 0 (0) 0 (0) None * Flies ingested a blood meal containing BTV-I 0 (group I), BTV-17 (group II), BTV-17 and BTV-10 simultaneously (group III) and BTV-17 at day 0 then BTV-10 at day 1 (group IV), day 3 (group V), day 5 (group VI), day 7 (group VII) and day 9 (group VIII). t Days EI, days extrinsic incubation, measured from day first virus fed. T17 ~2 3 4 5 TIOTI7 6 7 "~ t produced one clone (10~o) of BTV-17 origin, one clone (10~o) of BTV-10 origin and eight (80~) reassortant clones. BTV-17 parental and reassortant electropherotypes were isolated from the flies that were superinfected with BTV-10 up to 5 days after initial feeding on BTV-17 blood meals (Table 1 ). The presence of the superinfecting serotype (BTV-10) in these flies was revealed only by the contribution of its genome segments to the reassortant progeny clones. Only BTV-17 parental clones were isolated from flies that ingested the second virus on days seven and nine post-initial infection. The reassortment frequencies in the reassortant-yielding flies varied, ranging from 11 to 100~. Reassortant progeny clone frequencies were almost equal for the group of flies superinfected on day I and for those superinfected on day 3 post-initial infection, the averages were 6 7~ and 71 ~, respectively. However, these frequencies sharply dropped to about 17 ~ when superinfection occurred 5 days post-initial infection (Table 1, Fig. 2 ).
BTV genotypes isolated from individual
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Genome segment segregation in reassortant clones
The segregation ratios of genome segments in reassortant clones are listed by individual flies and by individual groups (III to VI) according to the day (0, 1, 3 and 5) of superinfection with BTV-10 virus (Table 2) All identifiable segments contributed to the formation of reassortant clones (Table 2) . Segregation frequencies in individual flies within each group varied (Table 2 ) but all segments derived from the BTV-10 parent appeared to be under-represented both in individual flies and on a population basis (rows, Table 2 ). If the total pool of reassortants from individual flies in individual groups was considered, most individual segments (segments 2, 3 and 4 were not included) of BTV-10 origin appeared to be under-represented (columns, Table 2 ). As was noted in previous studies (Samal et al., 1987b) , each fly produced a unique set of reassortant clone electropherotypes, with one or more being dominant among these electropherotypes (data not shown).
DISCUSSION
The segmented nature of the genome of some arboviruses provides these agents with a unique capability to assume new antigenic and biological phenotypes through genome segment reassortment . The potential for reassortment between different BTV serotypes and strains has been demonstrated experimentally in cell culture (Kahlon et al., 1983; Ramig et al., 1989) , in the vertebrate host (Samal et aL, 1987a; Stott et aL, 1987; Oberst et al., 1987) and in the invertebrate vector hosts (Samal et al., 1987b) . Indirect evidence for reassortment among BTV strains in nature has also been obtained (Sugiyama et al., 1981; Collison & Roy, 1983) .
Our earlier studies with reassortment of two BTV serotypes in C. variipennis indicated that high frequency reassortment can take place in the invertebrate host during simultaneous infections (Samal et al., 1987 b) . These studies also indicated that simultaneous mixed infection of the vector with different BTV serotypes did not result in interference by one serotype with the replication of the other (Samal et al., 1987b) . However, interference to superinfection was observed in mosquitoes asynchronously infected with bunyaviruses (Beaty et aL, 1985; Sundin & Beaty, 1988) . Mosquitoes ingesting the superinfecting virus 7 days or more after initial infection were refractory to superinfection. On the other hand, mosquitoes challenged up to 72 h after initial feeding could become dually infected and new reassortant viruses could be generated. The present studies were conducted to determine whether a similar phenomenon occurred in C. variipennis asynchronously infected with two different BTV serotypes.
Our results indicated that interference also occurred in C. variipennis. There was no significant difference in the mean reassortment frequencies between flies that were superinfected on day 1 or day 3 post-initial infection. However, a significant drop in these frequencies was observed when superinfection took place 5 days after the initial virus feeding and no reassortant viruses were isolated from flies that ingested the second virus on days 7 and 9 (Table 1) . Some flies became superinfected at 5 days post-initial infection, but at 7 and 9 days after initial infection, On: Mon, 14 Jan 2019 13:55:06 (Table 1) . These results were kinetically similar to those observed in vitro during asynchronous BTV mixed infection of Vero cell cultures (Ramig et al., 1989) . Resistance to superinfection occurred when the second virus was administered 8 h or more following the first virus. Although, theoretically, interference to arbovirus superinfection could limit arthropod vectors from becoming mixedly infected, vectors exhibiting interruptive feeding behaviour, or those that can refeed before becoming refractory to superinfection could possibly become dually infected (Sundin & Beaty, 1988) . Information on the feeding behaviour of C. variipennis in nature is lacking and needs to be investigated.
The molecular mechanism(s) of interference to superinfection also remain to be resolved. Interference to oral superinfection with La Crosse virus in Aedes triseriatus mosquitoes correlated with the extent of viral replication and antigen expression in the midgut cells (Sundin & Beaty, 1988) . The authors speculated that intracellular phenomena may be responsible for interference to superinfection of vectors and a similar phenomenon might be involved in interference of C. variipennis to BTV superinfection. By 5 days post-infection, all midguts in infected flies contained viral antigen (Ballinger et al., 1987) . This coincides with the sharp drop in reassortant progeny yield observed in flies superinfected with BTV-10 on day 5 in the present studies (Table 1, Figure 2 ).
We were not able to isolate BTV-10 parental viruses from any of the superinfected flies. The BTV-10 infection was evidenced by detection of its genome segments in reassortant progeny clones. Whether this indicates preferential replication of BTV-17 (as indicated by dominance of BTV-17 parental clones) or interference to BTV-10 replication even at earlier times of superinfection (day 1) remains to be resolved. Similar results were observed in simultaneous mixed infection of cattle with either two strains or two serotypes of BTV (Stott et al., 1987) .
The apparent under-representation of most BTV-10 genome segments, even in the simultaneously infected flies (Table 2) , was unexpected. Our previous studies indicated that although this might occur in individual flies, on a population basis the segment contribution of parental viruses to the reassortant clones was mostly random. With the exception of one segment (segment 8 of BTV-10), all other identifiable segments were donated equally by both BTV-10 and BTV-17 parental viruses (Samal et al., 1987 b) . Differences in m.o.i, of both viruses as well as genetic variations in the vector host (Jennings & Mellor, 1987) , indicator cell systems (Graham et al., 1987) and environmental conditions during these studies might have contributed to the observed results. Similar under-representation of BTV-10 parental segments occurred during simultaneous mixed infection of Vero cells with BTV-10 and BTV-17 (Ramig et al., 1989) .
The fact that fully engorged flies readily fed on another blood meal and their ability to produce new reassortant viral genotypes suggest that these vectors are highly permissive hosts for evolution of BT viruses by reassortment. This phenomenon should be considered in development of immunization strategies for BTV.
